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1  3.  ABSTRACT 


The  objective  of  this  study  was  to  test  a  method  of  measuring  the  distribution  of 
intestinal  capillary  biood  flow.  Adult  male  beagles  were  divided  into  two  groups,  one 
of  which  was  sham  irradiated  while  the  other  was  subjected  to  1500  rads  of  whole-body 
pulsed  gamma-neutron  radiation.  Seventy-two  hours  postirradiation,  radioactive- 
tagged  microspheres  were  injected  directly  into  the  left  ventricle  of  the  heart,  After 
1  minute,  the  circulation  was  stopped;  the  intestine  was  removed;  and  the  amount  of 
radioactivity  was  measured  in  the  mucosal  and  muscularis  parts  of  the  upper,  middle, 
and  lower  small  intestine.  Data  were  compared  with  those  from  sham  irradiated  con¬ 
trol  animals.  The  results  showed  that  the  intestinal  capillary  blood  flow  (in  percent  of 
cardiac  output)  of  the  irradiated  dogs  was  higher  than  that  of  the  nonirradiated  dogs. 
Although  the  weight  of  the  mucosal  layer  of  the  small  intestine  decreased  significantly 
postirradiation,  its  relative  capillary  blood  flow  remained  at  the  preirradiated  level, 
indicating  Increased  capillary  blood  flow  per  unit  weight  of  mucosa.  The  method  was 
successfully  applied  to  the  measurement  of  mucosal  flow  as  a  function  of  cardiac  out¬ 
put  and  can  be  applied  to  the  study  of  the  pathophysiology  of  a  variety  of  stresses 

including  irradiation.  R„„.0.,„,0o 
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I.  INTRODUCTION 


Az¬ 


in  shock,  one  of  the  major  hemodynamic  compensatory  mechanisms  is  increased 

peripheral  resistance  due  to  vasoconstriction,***  the  distribution  of  which  varies  in 

different  species.5  For  instance,  vasoconstriction  in  the  small  intestine  of  dogs  is 

disproportionately  increased  during  hemorrhagic  or  endotoxin  shock,  and  intestinal 
1  2 

ischemia  is  frequent.  *  Conversely,  intestinal  ischemia  itself  is  able  to  induce  shock 
in  dogs.  ’  Shock  ending  in  cardiovascular  collapse  is  a  characteristic  feature  of 
the  gastrointestinal  syndrome,**  but  the  role  of  these  vascular  changes  in  the  progres¬ 
sive  deterioration  of  the  gut  is  not  known. 

:  \ /'  The  objective  of  this  study,  therefore,  was  to  measure  the  presence  or  absence 

bf  intestinal  ischemia  by  measuring  the  distribution  of  small  intestinal  capilln  blood 
flow  in  the  terminal  phase  of  the  gastrointestinal  Syndrome  (GI-S),  and  to  test,  there¬ 
by,  the  applicability  of  the  tagged  microsphere  method  of  study  to  problems  of  this 

type/:.  '  '  4- 

•/'  .  II.  MATERIALS  AND  METHODS 
Eleyen  male  beagles',  12-14  months  old  and  weighing  11. 0  JL  1. 0  kg,  were  divided 
Into  two  groups?  >IV  five  in  the  sham  Irradiated  control  group  and  (2)  six  in  the  irrat'-' 

§i;  j  ated  group.  The  dogs  wore  housed  individually  and  fed  food  and  water  ad  libitum  until 

r  4' 

i  the  night  before  irradiation  or  sham  irradiation. 

;  At  approximately  1  hour  before  Irradiation,  the  animals  were  plaeod  in  Luolte 

/  '  ■  ■ 

1 

restraining  cages  and  transferred  to  the  exposure  room  of  the  AFRRI-TRIGA  reactor 
where  they  received  1500  rads  (mtdline  tissue  dose)  of  pulsed  mixed  gamma-neutron 

j 

[  radiation.  The  dogs  were  positioned  on  an  isodose  exposure  curve  about  the  reactor 
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core  with  the  center  line  of  the  restraining  cages  200  cm  from  the  vertical  core  center 
line.  The  AFRRI-TRIGA  reactor  and  exposure  facilities  have  been  described  else¬ 
where.19  The  midline  tissue  dose  for  each  exposure  was  calculated  as  the  product  of 
two  factors:  tissue  kerma,  free-in-air,  times  0.81.  The  variation  in  tissue  kerma, 
free-in-air,  from  position  to  position  in  each  exposure  group  was  less  than  4  percent 
from  the  mean.  Approximately  60  percent  of  the  tissue  kerma,  free-in-air,  was  from 

gamma  radiations  having  an  effective  energy  between  1  and  2  MeV.  Approximately 

\ 

10  percent  was  from  neutrons  with  energies  greater  than  3  MeV,  10  percent  from  neu¬ 
trons  with  energies  between  1.5  and  3  MeV,  10  percent  from  neutrons  with  energies 
between  0. 01  and  1.5  MeV,  and  10  percent  from  slower  neutrons.  About  80  percent  of 
the  doso  was  delivered  in  less  than  70  msec.  The  method  for  dosimetry  has  been  de¬ 
lineated  by  Fitehford  and  Thorp. 1? 

Skim  irradiatod  dogs  wero  positioned  in  the  reactor  exposure  room  in  the  same 

manner  and  handled,  alter  sham  exposure,  in  the  same  way  us  irradiated  dogs. 

After  exposuro,  the  dogs  wore  returned  to  their  cages.  During  the  postirradia- 

tion  period,  all  animals  were  froe  to  consume  food  and  water  ad  libitum.  Prior  to 

tho  experimental  procedure,  food  was  withheld  from  both  groups  overnight  {16  hours'. 

The  fractional  distribution  of  regional  capillary  blood  flow  of  the  small  intestine 

was  determined  at  72  hours  postirradiatlon,  using  a  modification  of  the  toehnhuo  of 
7 

Grim  and  Lindseth.  Anesthesia  was  induced  by  intravenous  injection  of  30  mg/kg  pen¬ 
tobarbital.  Following  a  brief  rest  period  of  about  30  minutes,  microspheros*  tagged 
with  50MCi  of  ytterbium- 160,  and  15  i  5  MR*  in  diameter,  were  injected  through  a 
*  3M  Con\|>any,  Nuclear  Products  for  Medicine,  St.  Paul,  Minnesota 
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catheter  inserted  via  the  femoral  vein  into  the  left  ventricle.  The  position  of  the  cath¬ 
eter  was  verified  by  obtaining  the  ventricular  pressure  curve.  One  minute  after  injec¬ 
tion,  the  heart  was  stopped  by  the  intracardiac  injection  of  saturated  KC1.  The  abdomen 
was  opened  and  the  whole  small  intestine  was  removed,  washed  through  a  cut  along  the 
mesenterium  and  blotted  on  filter  paper.  The  mucosal  layer  was  carefully  separated 
from  the  muscularis  by  scraping.  The  small  intestine  was  divided  in  three  equal  parts 
approximating  the  duodenum,  jejunum  and  ileum.  Each  section  was  weighed,  cut  into 
small  pieces  and  placed  into  a  counting  tube.  The  samples  were  counted  in  a  Nuclear- 
Chicago  dual  channel  gamma  analyzer. 

The  fractional  distribution  of  cardiac  output  (C.O.)to  the  different  segments  of  the 

20 

small  intestine  was  calculated  by  the  following  equation  according  to  Wagner  et  al. : 

percent  C.O.  *  q  x  100 

where  q  *  intestinal  cpm  and  Q  *  total  injected  cpm.  The  microspheres  used  In  this 
study  wore  large  enough  to  be  trapped  completely  in  any  capillary  of  the  small  intes¬ 
tine,  yet  wore  small  enough  to  pass  through  any  open  arteriovenous  shunts.  Therefore  , 
the  measurement  reflects  the  actual  capillary  or  nutrient  blood  flow  only. 

To  evaluate  and  confirm  the  radiation- induced  intestinal  injury,  the  following 
supportive  studies  were  undertaken:  (1)  regular  histological  sections  and  (2)  Mlcrofll* 
preparations  of  the  intestinal  vasculature. 

For  statistical  analysis  of  the  data  obtained,  the  mean  and  standard  deviations 
wei calculated  and  a  t-lest  was  performed. 

*  Canton  Bio-Medical  Products,  Boulder,  Colorado 


HI,  RESULTS 


At  72  hours  postirradiation,  the  fractional  distribution  of  cardiac  output  in  the 
small  intestine  of  irradiated  animals  was  greater  than  that  in  the  sham  irradiated  con¬ 
trols  (Table  I).  A  similar  change  can  be  seen  after  calculating  the  small  intestinal 
capillary  blood  flow  according  to  its  regional  distribution;  namely,  in  the  mucosa  and 
in  the  muscularis  layers. 


Table  I.  Percent  Distribution  of  Cardiac  Output 
in  Small  Intestine  of  Dog 


Percent  distribution  of  oardlnc  output 

Tissues 

Control 

72  hours 

P 

sham  irradiated 

postirradiation 

value 

Mucosa 

1.92  ±0.51 

3.54  ±  1.52 

<  0.05 

Small  intoot  ino 
without  mucosa 

2.26  ±0.61 

3.40  t  0.65 

*-0.05 

Total 

small  Intestine 

4.18  ±1.00 

6. 94  ±  2. 01 

<0.05 

The  mucosal  layer  of  the  small  Intestine  was  considerably  decreased  in  weight 
as  a  result  of  both  cellular  destruction  and  massive  water  loss.  In  contrast,  a  small 
decrease  was  measured  in  the  i  seularls  (Table  II).  Histologieal  sections  confirmed 
mucosal  cell  destruction.  Despite  the  epithelial  cell  destruction,  the  villous  capillary 
network  still  appeared  to  be  intact  and  continuous,  using  the  technique  of  perfused 
Mierofil  (Figure  I).  There  was  no  evidence  of  capillary  rupture  and  extravasation  of 
the  plastic  material.  Only  a  few  small  areas  of  the  villous  capillary  network  wer«  not 
filled  completely  due  to  plug  formation  and/or  actual  capillary  destruction. 
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Table  II.  Weight  Changes  Induced  by  1500  Rads  Whole- Body  Gamma 
Neutron  Radiation  at  72  Hours  Postirradiation 


Sham  irradiated 

Irradiated 

P 

value 

Initial 

11.64+  0.72 

11.72  1  1.40 

>0. 1 

Body  weight  (kg) 

Final 

11.55  1  0.46 

10.42+  1.43 

•>0. 1 

Mucosal  part  of 
small  intestine  (g) 

96.33  ±  10.68 

26.73  1  9.65 

>0.001 

Museularis  part  of 
small  intestine  (g) 

173.88  1  13.36 

151.82  1  11.57 

>0.05 

Figure  1.  Mlerofil  east  of  the  intestinal  vascular  bed  showing  a 
cross  section  of  an  irradiated  dog's  ileum  at  72  hours 
I*»sti eradiation.  Note  the  lack  of  filling  in  the  villi  cap¬ 
illaries  without  extravasation  of  the  plastic  material. 


The  ratio  of  the  weight  of  the  mucosal  layer  to  total  intestinal  weight  in  the  duo¬ 
denum,  jejunum,  and  ileum  was  12.67,  15.46,  and  16.11  percent  at  72  hours  postirra¬ 
diation  in  contrast  to  35.35,  33.92,  and  36.67  percent  in  the  sham  irradiated  controls 


(Table  III).  The  corresponding  regional  distribution  of  the  mucosal  capillary  blood 
flow  (calculated  in  percentage  of  the  total  capillary  blood  flow  in  a  particular  segment) 
did  not  show  any  significant  alteration  after  radiation  injury  (Table  III).  Despite  the 

Table  III.  Percent  Distribution  of  Mucosal  Weight  and  Capillary  Blood  Flow  in  Differ¬ 
ent  Segments  of  Small  Intestine  of  Dog  at  72  Hours  Postirradiation 


Percent  mucosal  weight  and  capillary  blood 
flow  (CBF)  of  an  intestinal  segment 

P 

value 

Sham  Irradiated 

Irradlatod 

weight 

35.361  3.16 

12.67  4  3.71 

<0.001 

Duodenum 

CBF 

60.25  4  7.99 

49.62  4  10.72 

>0.1 

woight 

33.92 1  5.43 

15.46  4  4.48 

<0.01 

Jejunum 

CBF 

36.25  t  11.25 

50,68  4  12.01 

>0.1 

1 

36.67  4  1.00 

16.114  6.03 

>0.001 

\WKKmSM 

44.03  4  6, 73 

43.52  4  5.81 

>0.1 

remarkable  decrease  of  the  mucosal  mass  of  the  small  intestine,  the  blood  flow  of  the 
mucosal  and  museularis  layers  of  the  duodenum,  jejunum  and  ileum  In  the  irradiated 
dogs  exhibited  the  same  proportional  blood  flow  distribution  as  in  the  slum  irradiated 
controls.  This  is  a  reflection  of  the  relative  hyperemia  of  the  mucosal  part  of  the 
small  Intestine  during  the  terminal  phase  of  the  Gl-S. 

IV.  DISCUSSION 

One  of  the  predominant  pathological  alterations  during  the  4- day  period  of  the 
OI-S  is  the  structural  breakdown  of  the  small  Intestine.^* 18  It  was  generally  accepted 

G 


until  recently  that  the  denudation  of  the  intestinal  epithelium  leads  directly  to  a  loss  of 

14 

fluid  and  electrolytes.  This  concept  was  challenged  by  Lushbaugh  who  stated  that 
"Intestinal  mucosal  loss  would  seem  to  have  little  relation  to  the  underlying  lesion 
which  must  be  located  in  the  vascular  system."  Indeed,  radiation-induced  morpholog¬ 
ical  and  functional  blood  vessel  alterations  have  been  observed  about  the  3rd  day  post- 
4  13 

irradiation.  ’  However,  during  the  first  2  days  post  irradiation,  hemodynamic 

homeostasis  is  remarkably  well  maintained. 

Circulatory  deterioration  begins  about  the  3rd  day  postirradiation  and  ends  in 
3  14 

circulatory  collapse.  *  Hemodynamic  alterations  of  the  terminal  phase  of  the  GI 
radiation  injury  resemblo  those  of  severe  hemorrhagic  shook.  A  decreasing  baro- 
roceptor  stimulation  causes  increased  sympathetic  activity  to  both  heart  ami  systemic 
resistance  vessols,  resulting  in  improved  cardiac  output  and  systemic  blood  pressure 
by  peripheral  vasoeonstrict  Ion.*  Tim  magnitude  and  distribution  of  the  peripheral 
resistance  in  shock  is  characteristic  of  the  particular  species.  It  is  known  that,  in  the 
dog,  a  disproportionately  Increases .small  intestinal  vasoconstriction  may  be  maul- 

JO 

tested.  *  This  compensatory  -hemodynamic  regulation  might  play  a  role  in  the  vicious 
cycle  of  shock  because  intestinal  ischemia  itself  can  lead  to  circulatory  collapse.*  *  U 
was  previously  reported  that  at  72  hours  posti rradiatlon,  under  the  same  experimental 
condition  as  described  here,  the  cardiac  output  was  decreased  about  40  percent  below 

the  control,  nonirradiated  values.  However,  since  In  a  compensatory  manner  the 

■  *  .  •  "  '  ‘  '  ■  • 

total  peripheral  resistance  Increased,  the  mean  blood  pressure  remained  basically 
unaltered.  Whether  the  progressively  increased  peripheral  vasoconstriction  reflected 
a  disproportionately  Increased  intestinal  resistance  similar  to  that  in  oHter  shock 
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states  is  a  question  that  remains  unanswered.  It  should  be  emphasized  that  such  in¬ 
creased  vasoconstriction  would  be  detrimental  to  the  high  nutritional  requirements  of 
the  intestinal  mucosa  at  72  hours  postirradiation3  which  requires  adequate  capillary 
blood  flow  for  regeneration. 

The  Microfil  technique  indicates  virtual  continuity  of  the  capillary  network  at 
72  hours  postirradiation.  Therefore,  the  applied  microsphere  technique  is  a  better 
indicator  of  capillary  blood  flow  than  the  utilization  of  the  86Rb  extraction  technique6 
due  to  the  possible  radiation- induced  increased  capillary  permeability. 

The  mtcrospheres  (15  i  5  pm  in  diameter)  that  were  used  in  this  study  were  large 
enough  to  be  trapped  completely  in  the  intestinal  capillaries,  yet  small  enough  to  pass 
through  any  arteriovenous  shunt.  Thu®,  the  method  described  should  give  an  accurate 
estimate  of  the  relative  capillary  blood  flow  if  the  following  pitfalls  are  avoided: 

(!)  loss  of  mlcmapheres  from  some  impaired  capillaries  into  the  lumen  or  the  peri¬ 
vascular  space  and  (2)  recirculation  if  radiation  impairs  the  lung  microsphere-trapping 
capacity.  In  this  study*  these  errors  were  ruled  out  In  the  following  wav:  the  lumen 
washout  and  the  arterial  blood  did  not  show  radioactivity,  and  there  was  no  evidence 
for  extravasation  of  microsphcre#  by  microscopic  examination. 

Cardiac  output  was  not  measured  in  this  study;  thus  the  microsphere  technique 
permitted  only  the  measurement  of  the  relative  intestinal  capillary  blood  flow.  The 
data  show  Unit  the  relative  capillary  blood  flow  of  the  small  intestine  at  72  hour#  post- 
irradiation  was  higher,  compared  with  the  control  values.  Even  if  we  take  into  account 
the  considerably  large  decrease  of  cardiac  output  as  measured  in  a  previous  study 
under  identical  experimental  conditions,  u  appears  Hurt  the  intestinal  capillary  blood 
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ilow  was  not  significantly  altered  in  the  terminal  phase  of  the  GI-S.  In  addition,  de¬ 


spite  significant  intestinal  weight  loss,  the  ratio  of  mucosal  to  muscular  is  capillary 

blood  flow  was  unchanged.  However,  although  mucosal  blood  flow  does  not  decrease  I 

} 

as  much  «.s  cardiac  output,  nc  statement  can  be  made  as  to  the  adequacy  of  the  blood  \ 

supply.  Nevertheless,  it  has  been  clearly  demonstrated  that  this  method  of  studying  ! 

blood  supply  changes  is  applicable  to  the  problem  of  determining  the  vascular  factors  ; 

-  I 

in  postirradiation  pathophysiology.  | 


i  ' 

'c 

$ 

a  .  A 

I  j 

!  * 

i 

i 

ri 

’i 


REFERENCES 

1.  Abel,  F.  L.  and  Murphy,  Q.  R.  Mesenteric,  renal,  and  iliac  vascular  resistance 

in  dogs  after  hemorrhage.  Am.  J.  Physiol.  202:978-980,  1962. 

2.  Brobmann,  G.  F.,  Ulano,  H.  B. ,  Hinshaw,  L.  B.  and  Jacobson,  E.  D.  Mesen¬ 

teric  vascular  responses  to  endotoxin  in  the  monkey  and  dog.  Am.  J.  Physiol. 
219:1464-1467,  19^0. 

3.  Chien,  S.,  Lukin,  L.,  Holt,  A.  P.,  Cherry,  S.  H,,  Root,  W.  S..  and  Gregersen,  M.  I 

The  effect  of  total-body  X-irradiation  on  the  circulation  of  spicnectomized  dogs. 
Radiation  Res.  7:277-287,  1957. 

4.  Eddy,  H.  A.  and  Casarett,  G.  W.  Intestinal  vascular  changes  in  the  acute  radi¬ 

ation  intestinal  syndrome.  In:  Gastrointestinal  Radiation  Injury,  Sullivan,  M.  F., 
editor,  pp.  385-395.  Amsterdam,  Netherlands,  Excex'pta  Medica  Foundation, 
1968. 

5.  Fine,  J.  Shock  and  peripheral  circulatory  insufficiency.  In:  Handbook  of  Physi¬ 

ology,  Section  2:  Circulation,  Vol.III,  pp.  2037-2069.  Washington,  D.  C. , 
American  Physiological  Society,  1965. 

H6  86 

6.  Friedman,  J.  J.  Muscle  blood  flow  and  Rb  extraction:  Rb  as  a  capillary  flow 

indicator.  Am.  J.  Physiol.  214:488-493,  1968. 

7.  Grim,  E.  and  Lindseth,  E.  O.  Measurement  of  regional  blood  flow  in  dog  intes¬ 

tine.  Circulation  18:728  (Abstract),  1958. 

8.  Hager,  E.  B.,  Ferrebee,  J.  W.  and  Thomas,  E.  D.  Damage  and  repair  of  the 

gastrointestinal  tract  after  s  ipralethal  radiation.  Radiobiol.  Radiother.  (Berlin) 
4:1-11,  1963. 

9.  Handford,  S.  W.  The  acute  radiation  syndrome  in  dogs  after  tot"l~body  exposure 

to  a  supralethal  dose  of  ionizing  radiation  (Co60  LD,  00/8°  nours^  Radiation 
Res.  13:7)2-725,  1960. 

10.  Hershey,  S.  G.  Dynamics  of  peripheral  vascular  collapse  in  shock.  In:  Shock, 

Hershey,  S.  G.,  editor,  pp.  27-42.  Boston,  Little,  Brown  and  Company,  1964. 
ha.  Anesthesiol,  Clin.  2:185-200,  1964. 

11.  Jackson,  B.  B,  Ooclusion  of  the  superior  mesenteric  artery.  Springfiold,  Illi¬ 

nois,  Charles  C,  Thomas,  1963. 


12.  Kabal,  J.,  Baum,  S.  J.  and  Parkhurst,  L.  J.  Canine  cardiovascular  homeostasis 

in  the  gasti  ointestinal  radiation  syndrome.  Bethesda,  Maryland,  Armed  Forces 
Radiobiology  Research  Institute  Scientific  Report  SR72-4,  1972. 

13.  Kabal,  J.,  Baum,  S.  J.  and  Parkhurst,  L.  J.  Canine  intestinal  vasoactivity  dur¬ 

ing  the  development  of  the  gastrointestinal  radiation  syndrome.  Radiation  Res. 

50:528-538,  1972.  } 

14.  Lushbaugh,  C.  C.  Theoretical  and  practical  aspect'  of  models  explaining  "gastro¬ 

intestinal  death"  and  other  lethal  radiation  syndromes.  In:  Comparative  Cellu¬ 
lar  and  Species  Radiosensitivity,  Bond,  V.  P.  and  Sugahara,  T. ,  editors, 
pp.  288-297.  Tokyo,  Igaku  Shoin  Ltd. ,  1969. 

15  Millikon,  J.,  Nahor,  A.  and  Fine,  J.  A  study  of  the  factors  involved  in  the  de¬ 
velopment  of  peripheral  vascular  collapse  following  release  of  the  occluded 
superior  mesenteric  artery.  Brit.  J.  Surg.  52:699-704,  1965. 

16.  Osborne,  J.  W.  Prevention  of  intestinal  radiation  death  by  removal  of  the  irradi¬ 

ated  intestine.  Radiation  Res.  4:541-546,  1956. 

17.  Pitchford,  T.  L.  and  Thorp,  J.  W.  The  acute  mortality  response  of  beagles  to  j 

pulsed,  mixed  gamma-neutron  radiations.  Bethesda,  Maryland,  Armed  Forces  ■ 

Radiobiology  Research  Institute  Scientific  Report  SR68-15,  1968.  \ 

18.  Quastler,  H.  The  nature  of  intestinal  radiation  death.  Radiation  Res.  4:303-320,  J 

1956.  | 

19.  Seigneur,  L.  J.  and  Brennan,  J.  T.  Incapacitation  in  the  monkey  (Macaca  mulatta)  I 

following  exposure  to  a  pulse  of  reactor  radiations.  Bethesda,  Maryland,  | 

Armed  Forces  Radiobiology  Research  Institute  Scientific  Report  SR66-2,  1966..  | 

f 

i 

20.  Wagner,  H.  N. ,  Jr.,  Rhodes,  B.  A.,  Sasaki,  Y.  and  Ryan,  J.  P.  Studies  of  the  j 

circulation  with  radioactive  microspheres.  Invest.  Radiol.  4:374-386,  1969.  I 


